Introduction
Thermal disturbances are more pronounced in the eye due to an insufficient blood flow circulation and lack of skin as a protecting layer. Lack of blood flow in the interior part of the eye makes it more vulnerable compared with other organs even in the case of weak thermal interactions.
Although recent noninvasive methods for temperature measurement of the eye, such as infrared ͑IR͒, are more convenient in comparison to the contact thermometry; only corneal temperature can be obtained using these methods. In biological systems, which are not amenable to direct investigation, such as human eye, computational modeling is the preferred tool to represent the transport phenomena ͓1-4͔. Thermal modeling of the eye is important as it can provide one with a tool to investigate the effect of external heat sources as well as in predicting the abnormalities within the eye. Hot or cold weather can create a thermal load on the eye. Moreover, in order to optimize laser therapy or surgery in ophthalmology, it is essential to have a better understanding of the thermal response in different sections of the eye for an imposed heat flux.
In previous thermal models of the eye, heat transfer in different parts was primarily modeled using conduction and in a few cases by natural convection ͓2-12͔. Ooi and Ng ͓2͔ studied the effect of aqueous humor ͑AH͒ hydrodynamics on the heat transfer within the eye. They also investigated the effect of different variables on the thermal modeling of the eye ͓3͔. Chua et al. ͓5͔ modeled the impact of the aging of the human eye, thermal conductivity of the lens and a radiant flux on the temperature profile.
Lagendijk ͓6͔ performed experiments on the normal and heated rabbit eye and developed a conduction model to achieve the temperature distribution in human and rabbit eyes. Scott ͓8͔ utilized a 2D finite element method to obtain the temperature profile based on heat conduction in different sections of the eye. Effect of lens thermal conductivity, evaporation from cornea surface, blood flow in choroid, ambient temperature, ambient convection coefficient and blood temperature on the eye temperature distribution was studied based on a conduction model. Using a 2D model, Scott ͓9͔ also calculated the temperature change in intra-ocular media subject to an infrared radiation. Kumar et al. ͓10͔ developed a model to study the buoyancy effect on the convective motion for different geometrical configurations of a rabbit eye. Flyckt et al. ͓11͔ performed a comprehensive study on the cooling process of the eye by blood flow circulation. Amara ͓12͔ presented a conduction model to study the interaction between a laser flux and ocular media numerically. Jacobs ͓13͔ reviewed the multiscale hierarchical system of the eye considering the appropriate approaches to be taken to understand the complex properties and functions of the ocular tissues. Mapstone ͓14,15͔ recorded the cornea temperature subject to different ambient temperatures.
Although porous media models have been used in biomedical research ͓16-25͔, the previous investigations on the human eye did not utilize porous media modeling in representing the thermal transport. The first such attempt was done by the current authors at an ASME Heat Transfer Conference ͓1͔. Porous media models have been utilized to study the characteristics of the bifurcation airflow and mass transfer within a lung ͓17͔, countercurrent bioheat transfer between terminal arteries and veins in the circulatory system ͓18͔, bioheat transport in biological media considering local thermal nonequilibruim ͓19,20͔, and arterial transport incorporating multi porous media layers ͓21,22͔.
The present work utilizes four pertinent thermal models to analyze heat transfer in six primary sections of the human eye. In model I, thermal transport occurs by conduction in all the domains. Model II accounts for natural convection in the anterior chamber; in model III iris/sclera is considered as a porous medium and model IV accounts for the existence of a porous medium and natural convection in anterior chamber. To the best of authors' knowledge, this is the first use of porous media modeling in analyzing the eye thermal characteristics and also the first comprehensive comparison among the pertinent thermal transport mechanisms within different regions of the eye.
Modeling and Formulation

Anatomy of the Eye.
The eye is assumed to be a sphere with a given diameter. Its geometrical configuration such as thickness of the cornea, anterior chamber, lens, vitreous and sclera are based on the physiological data. There is blood flow in the iris/ sclera part, which plays a crucial rule to adjust the eye temperature with the rest of the body. Different regions of the eye along the papillary axis with a display of special attributes as well as the two-dimensional eye configuration and display of the blood/tissue interaction within Iris/sclera domain are shown in Fig. 1 .
Model I.
In this model, conduction is assumed to be the dominant heat transfer mechanism in all of the subdomains of the eye. Each subdomain has its own thermal properties. The governing equation is as follows:
where i denotes each subdomain in the eyeball. As shown in Fig.  1 , a, b, c, d, e , and f refer to cornea, anterior chamber, lens, posterior chamber, vitreous and iris/sclera, respectively.
Model II.
Model II accounts for the existence of AH in the anterior chamber. The energy transfer through this part occurs by both conduction and natural convection. The governing equations for five domains: cornea, posterior chamber, lens and vitreous regions are the same as that given in Eq. ͑1͒. The anterior chamber heat transfer is modeled as follows: Continuity
The effect of buoyancy term is taken into account using the Boussinesq approximation, where ␤ is the volume expansion coefficient and T ref is the reference temperature. The energy equation is as follows:
where the viscous dissipation effect is neglected.
Model III.
Blood flow in the sclera/iris keeps the eye temperature close to the other body organs. This part is modeled as a porous medium while incorporating blood circulation through the tissue. Assuming a local thermal equilibrium between the blood and the tissue and accounting for the blood perfusion term, a modified Pennes equation is used in this work ͓16,21͔. Fig. 1 Schematic of different primary sections of the eye along the pupillary axis: "a… different regions of the eye along the pupillary axis with a display of special attributes, "b… display of the primary regions within the eyeball, and "c… display of the blood/tissue interaction within Iris/sclera domain 2.5 Model IV. In this model, the natural convection in anterior chamber and blood circulation in the iris/sclera as a porous medium are both accounted for. The governing equations are the same as model III in all the eye subdomains except anterior chamber, which follow the natural convection equations ͑Eqs. ͑2͒-͑4͒͒.
Boundary Conditions.
Radiation, evaporation and convection are accounted for at the cornea surface and the boundary condition for all the models on the cornea surface can be presented as follows:
where ⍀ i is the external surface area corresponding to section i, E is the tear evaporation heat loss, and T am and h am are ambient temperature and convection coefficient, respectively. At the sclera surface the thermal exchange between the eye ball and blood flow occurs through convection. The boundary condition at this interface can be presented as
Subdomains properties used in our simulations are based on the physiological data for the eye. A summary of the models utilized in the current work are given in Table 1 . Different domain sizes and physical properties are taken from ͓2͔.
Numerical Solution.
The domain is discretized using triangular elements with the Lagrange quadratic shape functions. The set of partial differential equations along with their related boundary conditions are coupled and are solved numerically by the finite element method using the commercial code COMSOL multiphysics program. The system of algebraic equations is solved with the Unsymmetric Multifrontal Method ͑UMFPACK͒ solver. The mesh independency has been verified by progressively increasing the number of elements insuring that the results are invariant. For example, increasing the number of elements from 5012 to 20,048 produced less than 1% change in the results.
Results and Discussion
The thermal analysis of the eye was carried out by utilizing four primary models. The eye response to various internal and external disturbances, such as fluctuations in blood temperature, blood convection coefficient, ambient temperature, ambient convection coefficient, extreme ambient conditions, iris/sclera porosity, and perfusion rate was investigated.
Comparison With Experimental Data.
Models I-IV results are compared with the experimental data from Mapstone ͓14,15͔ and Lagrndijk ͓6͔ in Figs. 2 and 3. Lagendijk had assumed that the rabbit body temperature was 38.8°C and obtained the temperature of cornea, behind the lens, retina and rectal ͑within the sclera region͒ for a normal and heated rabbit eye. As Fig. 2 Table 1 Summary of the pertinent equations utilized in the four primary eye thermal models Governing equations shows for a normal eye recorded temperatures are better estimated by porous media models. Overall, the two profiles provided by porous media models are in better agreement with the experimental data for the rabbit eye. Figure 3 shows the cornea temperature corresponding to different ambient temperatures. In this figure, model IV provides a very good match with the experimental observations. It should be noted that the temperature profiles from models I and II are approximately the same.
Effect of the Blood Temperature and Post Sclera Conditions.
Blood circulation plays a crucial role in adjusting the eye temperature subject to a thermal load. In models I and II, blood circulation is taken into account only through the iris/sclera boundary conditions. In models III and IV, in addition to this boundary condition, the blood circulation is also directly taken into account through the perfusion term within the governing equations. This more closely mimics the physiological conditions. As can be seen in Fig. 4 , models I and II predictions are almost identical when moving from anterior chamber toward sclera. Models III and IV show a smaller temperature gradient across the pupillary axis with an average temperature which is closer to the blood temperature. This is due to the presence of blood flow in the iris/sclera domain, which covers a substantial surface area of the eye ball as seen in Fig. 1͑c͒ . Figure 5 shows that for normal values of blood convection coefficient, there is a noticeable difference between the porous media models and models I and II. However, for very large blood convection coefficients, this difference diminishes significantly. This observation illustrates that the convective boundary condition on the iris/sclera surface has a substantial impact in all the models. Figure 6 shows the effect of ambient convection coefficient on the pupillary axis temperature profile subject to a normal outside temperature. The eye thermal response to hot or cold ambient conditions is illustrated in Fig. 7 . As can be seen, the porous media models provide a buffer against the outside thermal variations and result in an eye temperature distribution, which is closer to the temperature of the body. This is what is expected to occur based on biological information. It can be seen in these figures that the temperature profiles predicted by models, which account for the natural convection display a change in the curvature at the interface of the anterior chamber and the lens. For example, under cold ambient conditions given in Fig. 7͑b͒ , models II and IV result in cornea and anterior chamber temperatures, which are higher than those given by models I and III. This is due to the natural convection and formation of a circulatory cell within the anterior chamber. The dominant mechanism in the lens is conduction and for the cold ambient conditions, the higher temperature fluid in the anterior chamber transfers the thermal energy form the lens/AH interface toward the cornea/AH interface. This results in a temperature drop after the anterior chamber and the lens interface. Models I and III, which are only based on conduction in the cornea and the anterior cham- ber, produce a lower temperature in this region compared with those from models II and IV due to lack of this circulatory cell within the anterior chamber. The existence of the buoyancy cell for the cold ambient conditions can be seen in Fig. 8 . For the hot ambient conditions, the reverse of the described phenomena occurs as seen in Fig. 7͑a͒ . As it can be seen, the porous media models provide the proper buffer and result in the closest average temperature to the blood temperature for the eyeball for both extreme cold and hot ambient conditions within the cornea and the anterior chamber. This is expected to occur based on biological information. This observation shows that under extreme thermal disturbance, AH natural convection plays its own role to establish the eye ball temperature along with a substantial influence of blood circulation in the iris/sclera.
Effect Of Ambient Conditions.
Effect of Aqueous Humor Flow Field on the Thermal
Response of the Eye. Natural convection within the anterior chamber can play an important role in establishing the thermal response of the eye. In Fig. 9 the influence of ambient conditions on the velocity field within the anterior chamber for models II and IV are shown. It can be seen that when ambient convection coefficient changes from 50 W / m 2 K to 500 W / m 2 K, the maximum velocity within the anterior chamber increases by 50%. The presence of porous media in domain f affects the velocity field as it augments the movement within the natural convection cell, as can be seen in Figs. 9͑d͒-9͑f͒ .
Natural convection in the anterior chamber maintains the temperature of the eye close to the other body organs when subjected to a thermal disturbance. When the thermal disturbance is more pronounced the differences among the four models becomes more noticeable. 
